Bordetella pertussis, the agent of whooping cough, can invade and survive in several types of eukaryotic cell, including CHO, HeLa 229, and HEp-2 cells and macrophages. In this study, we analyzed bacterial invasiveness in nonrespiratory human HeLa epithelial cells and human HTE and HAE0 tracheal epithelial cells. Invasion assays and transmission electron microscopy analysis showed that B. pertussis strains invaded and survived, without multiplying, in HTE or HAE0 cells. This phenomenon was bvg regulated, but invasive properties differed between B. pertussis strains and isolates and the B. pertussis reference strain. Studies with B. pertussis mutant strains demonstrated that filamentous hemagglutinin, the major adhesin, was involved in the invasion of human tracheal epithelial cells by bacteria but not in that of HeLa cells. Fimbriae and pertussis toxin were not found to be involved. However, we found that the production of adenylate cyclase-hemolysin prevents the invasion of HeLa and HTE cells by B. pertussis because an adenylate cyclase-hemolysin-deficient mutant was found to be more invasive than the parental strain. The effect of adenylate cyclase-hemolysin was mediated by an increase in the cyclic AMP concentration in the cells. Pertactin (PRN), an adhesin, significantly inhibited the invasion of HTE cells by bacteria, probably via its interaction with adenylate cyclase-hemolysin. Isolates producing different PRNs were taken up similarly, indicating that the differences in the sequences of the PRNs produced by these isolates do not affect invasion. We concluded that filamentous hemagglutinin production favored invasion of human tracheal cells but that adenylate cyclase-hemolysin and PRN production significantly inhibited this process.
Bordetella pertussis, the etiological agent of whooping cough, is a strictly human respiratory pathogen. B. pertussis phase I strains synthesize and secrete many adhesins and toxins involved in the pathogenicity of the bacterium. The bacterium adheres to the respiratory epithelium via fimbrial-type adhesins such as fimbriae (FIM2 and FIM3), and non-fimbrialtype adhesins such as filamentous hemagglutinin (FHA) and pertactin (PRN), an outer membrane protein. Once the infection is established, toxins such as tracheal cytotoxin, a muramyl peptide; pertussis toxin (PT), an ADP-ribosylating toxin; and adenylate cyclase-hemolysin (AC-Hly), a protein belonging to the repeat-in-toxin family, participate in the toxic effects observed during the disease. AC-Hly is able to disrupt host cellular functions by penetrating the cells and by increasing, after activation by calmodulin, the intracellular cyclic AMP (cAMP) concentration (16) . The synthesis of all of these virulence factors, except tracheal cytotoxin, is positively regulated by the Bordetella virulence gene (bvg) locus, a two-component signal transduction system (4) . Mutations at the bvg locus result in phase IV variants which are unable to produce any of the known toxins and adhesins (48) . The bvg locus also responds to environmental factors such as nicotinic acid, sulfate ions, and low temperature. If grown under these conditions, B. pertussis adopts a reversible phase IV phenotype (23) . Intermediatephase variants expressing some of the virulence genes have also been described (24) . Such variants can be isolated by subculturing B. pertussis (12) , but their in vivo significance and mechanisms of regulation are unknown.
It is widely accepted that B. pertussis adheres to various epithelial cells (11, 39, 40, (43) (44) (45) (46) . FHA is considered to be the principal adhesin produced by B. pertussis (8, 32, 39, 43, 46) . However, FIM2 and FIM3 are known to be involved in adhesion to laryngeal Hep-2 cells (46) , PT is involved in adhesion to ciliated and nonciliated epithelial cells (8, 43) , and PRN is involved in adhesion to CHO epithelial cells (28) .
Traditionally, B. pertussis has been thought of as an extracellular microorganism, producing adhesins and toxins on the surface of the respiratory epithelium. Many reports have demonstrated that the bacteria not only adhere to but may also invade epithelial cells. The first in vivo transmission electron microscopy (TEM) study of mice challenged intracerebrally with B. pertussis showed bacteria between the microvilli and within the cytoplasm of ependymal cells, ciliated cells with some phagocytic activity (17) . In a rat model of lung infection by B. pertussis, bacteria were recovered immediately after infection but not on days 10 and 14. However, the bacterium reappeared on day 21. Electron microscopy of the lungs on day 14 showed that these organisms were residing within the cells, indicating that invasiveness properties of the bacteria might correlate with potential clinical effects in vivo (50) .
In vitro, B. pertussis has been demonstrated to invade human epithelial cell lines of nonrespiratory origin, such as HeLa 229, CHO, and human laryngeal epithelial Hep-2 cells (7, 8, 25-27, 35, 40) . The invasion of epithelial cells by B. pertussis was shown to be a bvg-dependent process, as bvg mutants were significantly less invasive (8, 10, 25, 40) . However, the precise roles of bacterial adhesins and toxins in invasion are unknown because the results obtained are often contradictory. This may be because different epithelial cell lines and B. pertussis strains were used. With Tohama I-derived mutants, Ewanowich et al. (8) , using human nonrespiratory HeLa 229 cells, and Roberts et al. (40) , using human laryngeal epithelial Hep-2 cells, showed that FHA synthesis was involved in invasion. In contrast, with B. pertussis 18323-derived mutants, Lee et al. (26) , using HeLa 229 cells, detected no defect in invasion in an FHA-deficient mutant. PRN has been shown to be involved in the uptake of B. pertussis by HeLa 229 cells (27) but not in that by Hep-2 cells (40) . The role of FIM2 and FIM3 in the uptake of B. pertussis by epithelial cells has not been analyzed. Conflicting results have been obtained concerning the role of toxins in invasion. Ewanowich et al. (8) showed that PT stimulated invasion by B. pertussis whereas AC-Hly inhibited it, but Lee et al. found no role for these toxins in invasion (25) . However, the mutants used in those two studies were constructed from different backgrounds.
We therefore tried to clarify the invasiveness properties of the B. pertussis Tohama I and 18323 parental strains and derived mutants using HeLa 229 cells and two human tracheal epithelial cell lines (HTE and HAE0) transformed by an origin-defective simian virus 40 (6, 13) .
MATERIALS AND METHODS
B. pertussis strains and growth conditions. The strains used in this study are listed in Table 1 . Bacteria were grown on Bordet-Gengou agar (Difco) supplemented with 1% glycerol and 15% defibrinated sheep blood (BG) at 36°C for 72 h to detect hemolysis. Isolated colonies were then replated and incubated for 24 h before each experiment. Bacteria tested for invasion were never subcultured in vitro before the experiment.
Detection of toxins and adhesins produced by B. pertussis parental strains and mutants. AC-Hly, PT, PRN, and FHA were detected in bacterial suspensions by Western blotting with specific polyclonal sera as previously described (19) . Fimbria production was detected by agglutination with anti-FIM2 and anti-FIM3 monoclonal antibodies (30) .
Cells and growth conditions. Two human tracheal epithelial cell lines (HTE and HAE0) derived from human primary tracheal epithelial cells by transfection by an origin-defective simian virus 40 T antigen (6, 13) and HeLa 229 cells (human epitheliumlike; ATCC CCL2.1) were used in invasion assays. For the cytotoxicity assay, the murine monocyte-macrophage-like cell line J774A.1 was used (22) . Cells were plated in tissue culture trays (Corning Glass Works, Corning, N.Y.) coated with a collagen gel (Collagen G; Poly Labo, Strasbourg, France) for HTE and HAE0 cells or in noncoated trays for HeLa and J774A.1 cells. Cells were maintained in a 5% CO 2 atmosphere at 37°C.
Invasion and persistence assays. HTE cells were cultured in Dulbecco's modified Eagle medium (GIBCO Laboratories, Grand Island, N.Y.) supplemented with 2% Ultroser G (GIBCO Laboratories), streptomycin (100 g/ml), and ampicillin (100 g/ml) (Sigma).
HAE0 cells were cultured in minimum essential medium (GIBCO Laboratories) supplemented with 20% fetal calf serum (DAP, Vogelgrun, France), streptomycin (100 g/ml), and ampicillin (100 g/ml) (Sigma).
HeLa cells were cultured in Dulbecco's modified Eagle medium (GIBCO Laboratories) supplemented with 10% fetal calf serum (DAP), streptomycin (100 g/ml), and ampicillin (100 g/ml).
For invasion assays, epithelial cells were cultured to 70 or 80% confluence. Tissue culture trays (24 wells, coated) were seeded with approximately 7 ϫ 10 4 epithelial cells per well 18 h before the assay.
B. pertussis cells grown for 24 h on BG were suspended in the appropriate complete medium without antibiotics to an optical density at 650 nm of 1.0. Approximately 7 ϫ 10 6 CFU in 0.5 ml were added to each well (bacterium/cell ratio of 100:1) and incubated at 37°C in 5% CO 2 for 5 h under static conditions. The bacterial inoculum was evaluated by plating dilutions of the bacterial suspension on BG and counting CFU after 3 days at 37°C. Monolayers were washed three times to remove nonadherent bacteria, and the medium was replaced with 0.5 ml of complete medium containing 100 g of gentamicin (Sigma) per ml to inactivate the remaining extracellular organisms. After 2 h, the residual gentamicin was removed by extensive washing. Cells containing viable intracellular organisms were recovered from trypsin-treated and stripped monolayers. They were washed in complete medium and lysed in cold distilled water, and intracellular bacteria were counted by plating appropriate dilutions onto BG. Each strain was tested in triplicate. In separate experiments, B. pertussis strains suspended at a density equivalent to that used in invasion assays were treated by incubation with 100 g of gentamicin per ml for 2 h in collagen-coated culture trays (for HAE0 and HTE cells). This resulted in a 99.998% decrease in CFU counts, indicating that gentamicin efficiently killed collagen-adherent bacteria.
We analyzed the viability of intracellular bacteria by carrying out a long-term survival experiment with HTE cells. Semiconfluent layers of cells were infected by incubation with the appropriate Bordetella strain (multiplicity of infection of 100) for 5 h. The epithelial cells were then washed extensively and incubated for 5 h with gentamicin (100 g/ml). The concentration of gentamicin in the cell culture medium was then reduced to 10 g/ml throughout the rest of the incubation period to prevent killing of the bacteria by penetration of antibiotic into the cells, as has been described previously (41) . The number of viable intracellular B. pertussis cells was determined after 5, 24, and 48 h of incubation.
Cytotoxicity assay. Cells and bacteria were cultured exactly as described for the invasion assay. Bacteria were added to HTE or J774A.1 (positive control) cells at a bacterium/cell ratio of 100:1 and counted by plating dilutions of the bacterial suspension on BG. Infected cells were incubated at 37°C in 5% CO 2 for 5 h under static conditions. Cytotoxicity was determined using the CytoTox 96 assay (Promega), which measures lactate dehydrogenase activity released into the medium. The percentage of cytotoxicity was calculated in accordance with the manufacturer's instructions.
TEM. HTE cell monolayers (approximately 3.5 ϫ 10 5 cells) were grown for 24 h in 35-mm-diameter dishes coated with collagen. Approximately 3.5 ϫ 10 7 B. pertussis Tohama I or AC-Hly-deficient mutant 348 bacteria from 24-h BG cultures were added to each monolayer and coincubated for 1, 3, or 5 h at 37°C under static conditions. Infected monolayers were fixed in tissue culture dishes with 1.6% glutaraldehyde (Merck) in 0.1 M phosphate buffer (pH 7.4), postfixed in 2% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4), dehydrated in an increasing series of ethanol concentrations, and embedded in epoxy resin. Ultrathin sections (70 to 80 nm) were cut with a diamond knife in a Reichert Ultracut S microtome. The sections were placed onto 200-mesh copper grids, stained with uranyl acetate and lead citrate, and examined with a JEOL 1010 transmission electron microscope operating at 80 kV.
Determination of intracellular cAMP. Intracellular cAMP levels were determined in control and infected HTE cells as described previously (8) . The cAMP levels were determined 5 h after the addition of forskolin (100 M). 3-Isobutyl-1-methylxanthine (Sigma) was added to a concentration of 0.5 mM to inactivate cellular phosphodiesterases. HTE cells were scraped from wells with a rubber policeman, homogenized, and boiled for 3 min to denature the protein in the samples and to release cAMP. The cAMP concentration was then determined by enzyme immunoassay (Cayman Chemical) (38) .
Statistical analysis. Results are expressed as means Ϯ standard error (SEM) for the indicated number of experiments. One-way analysis of variance was used to identify differences between the groups. If the analysis of variance result was significant, a nonparametric Mann-Whitney test was used to compare the means. P Ͻ 0.05 was considered significant.
RESULTS
Invasion of HeLa 229 cell monolayers by B. pertussis mutants. We used HeLa cells, two parental B. pertussis strains (Tohama I and 18323), and three sets of Tohama I-and 18323-derived mutants. We used a 5-h invasion period to achieve maximum adhesion and an additional 2 h for invasion so that our data could be compared with other results obtained with HeLa cells (8, 25) . As shown in Fig. 1A and B, Tohama I and 18323 bacteria invaded HeLa cells similarly (Fig. 1A and B) . Invasion of HeLa cells by B. pertussis required the expression of bvg-activated gene products (Fig. 1A and B) because both 
a Detected by agglutination. b Detected by Western blotting.
the phase IV Tohama I 359 and 18323H Ϫ variants, which produced no adhesins or toxins, were much less invasive than the parental strains (8, 25) .
We also tested the invasiveness of two mutants deficient in AC-Hly production, one in the Tohama I background (348) and one in the 18323 background (18HS19). B. pertussis 348 was six times more invasive than parental strain Tohama I (Fig.  1A) , but 18HS19 and parental strain 18323 were similar in invasiveness (Fig. 1B) . Our results showed that AC-Hly synthesis inhibited cell invasion only for the strains with the Tohama I background.
We also studied the uptake of two FHA-deficient mutants, BPMC and SK16. In both backgrounds, FHA was not involved in the invasion process ( Fig. 1A and B) . B. pertussis toxicity toward epithelial cells. HeLa cells are a type of human epithelial cells of nonrespiratory origin. We therefore used HTE cells, a human tracheal epithelial cell line derived by transfection of human primary tracheal epithelial cells with an origin-defective simian virus 40 T antigen (13) . We first tested whether B. pertussis was cytotoxic to HTE cells. The two parental strains and the phase IV variants were not cytotoxic to HTE cells after 5 h of contact (data not shown). B. pertussis 18323, used as a control, was highly toxic to J774A.1 cells (data not shown), consistent with previous data (22) .
Invasion of HTE cells by B. pertussis and TEM examination of infected HTE cells. The capacity of the two parental strains and a number of mutants derived from these strains to invade the human tracheal epithelial cell lines HTE and HAE0 was assessed. Both parental strains Tohama I and 18323 invaded HTE cells, and Tohama I was significantly more invasive than 18323 ( Fig. 2A and B) .
7 Tohama I or AC-Hly-deficient mutant 348 bacteria for 1, 3, or 5 h and were examined by TEM. We also assessed whether the AC-Hly-deficient mutant 348, which is six times more invasive than the parental strain, caused any change in the morphology of the cells.
TEM showed that there were large numbers of adherent bacteria per cell 1 h after infection (Fig. 3A and D) . Most intracellular bacteria were located singly within tight endocytic vacuoles (Fig. 3B, C, E and F) . Very soon after the penetration of the bacteria into the cell, the vacuole was clearly observed to be in contact with the outer membrane of the bacteria (Fig. 3C  and F) . However, in some cases, the bacteria appeared to be free within the cytoplasm (Fig. 3B and F) .
No difference was observed between cells infected with the parental strain and those infected with the mutant. Similar results were obtained with HAE0 cells (data not shown).
Roles of FIM, FHA, PRN, and PT in the uptake of B. pertussis by HTE cells. We investigated the role of FIM by comparing the Tohama I and W28 strains and a clinical isolate, Hav, producing FIM2, FIM2 and FIM3, or FIM3, respectively. The invasive capacity of the Tohama I strain was not significantly different from that of W28 or Hav (Fig. 4) .
A Tohama I mutant deficient in FHA and FIM2 production (BPMC) was significantly less invasive than the parental strain (P Ͻ 0.05; Fig. 2A ), suggesting a possible role for FHA in uptake. However, in the 18323 background, no significant difference was observed between the uptake of the parental strain and that of the FHA-deficient mutant, SK16 (Fig. 2B) .
The role of two other adhesins, PRN and PT, was then analyzed in Tohama I-derived mutants. The PT-deficient mutant BPRA invaded HTE cells to an extent similar to that of parental strain Tohama I (Fig. 2A) . However, we observed that PRN significantly inhibited the uptake of Tohama I (P Ͻ 0.05). Similar results were obtained with HAE0 cells (data not shown).
There are currently several variants of B. pertussis, synthesizing different PRNs, in circulation (5, 33, 34) . We compared the invasive properties of the W28 and Tohama I strains which each produce a PRN similar to that of 18323 and two clinical B. pertussis isolates, Hav and Fr287, producing different PRNs (5). All of the strains and isolates tested had similar invasive capacities, and all were more invasive than 18323, except for isolate Fr287, which was intermediate (Fig. 4) .
Role of AC-Hly in the uptake of B. pertussis by HTE cells. We investigated the role of AC-Hly synthesis in the uptake of B. pertussis by HTE cells. AC-Hly-deficient mutants derived from Tohama I and 18323 were three times more invasive than the parental strains ( Fig. 2A and B ; P Ͻ 0.05).
We tested and confirmed that cAMP affected invasion by B. pertussis, as described previously for HeLa cells (8) . cAMP levels in HTE monolayers were quantified after a 5-h coincubation in the presence of 0.5 mM 3-isobutyl-1-methylxanthine and 100 mM forskolin at 37°C. The concentrations of these molecules were kept constant throughout the experiment. As expected, HTE cells exposed to forskolin had significantly higher cAMP levels (Fig. 5A) . The exposure to forskolin of HTE cells infected with the AC-Hly-deficient mutant 18HS19 increased intracellular cAMP levels (Fig. 5A ) and decreased the extent of invasion by the mutant to a level similar to that of parental strain 18323 (Fig. 5B ). These results demonstrate that high levels of cAMP inhibit the invasion by B. pertussis of respiratory epithelial cells. Similar results were obtained with HAE0 cells (data not shown).
Intracellular survival of wild-type and mutant B. pertussis strains. We assessed the relevance of the invasion process observed with B. pertussis by carrying out a 2-day survival experiment with HTE cells. Semiconfluent layers of cells were infected with parental strain 18323, with mutants derived from it, i.e., phase IV variant 18323H
Ϫ and AC-Hly-deficient mutant 18HS19, with Tohama I, and with the PRN-deficient mutant derived from it, BBC42. For all of the strains and mutants tested, the number of viable B. pertussis cells decreased continually, until no viable cells were detected after 2 days (Fig. 6A and B).
DISCUSSION
It is now widely accepted that B. pertussis adheres to epithelial cells. FHA is the principal adhesin, but FIM, PT, and PRN are also involved in the adhesion process (8, 28, 40, 46) . The question now is: can B. pertussis invade and survive in an epithelial cell? The answer to this question is of key importance for understanding the pathogenesis of whooping cough.
Many studies have demonstrated that B. pertussis invades epithelial cells of nonrespiratory (8, 28) and respiratory (40, 41) origins. The cells generally used in previous studies were HeLa (8, 25) , CHO (28), or Hep-2 (40) cells. However, the data obtained were often contradictory. We confirmed these variable results with nonrespiratory HeLa human epithelial cells first and then studied the invasiveness and survival properties of the bacterium with human epithelial cells of respiratory origin. In the present work, we performed only invasion assays in order to characterize the bacterial factors involved in the uptake of the bacteria into the epithelial cells. Each parental strain may differ in adherence to host cells; however, the uptake capacity comparison was always performed between the parental strain and mutants deficient in the expression of one factor.
We investigated interactions between B. pertussis and HeLa epithelial cells using two B. pertussis strains, well-known Japanese strain Tohama I and World Health Organization reference strain 18323. Both phase I strains invaded HeLa cells, whereas phase IV variants did not, indicating that invasion was dependent on bvg expression. We confirmed previous reports showing that production of AC-Hly inhibits the uptake by HeLa cells of B. pertussis strains of the Tohama I background but not those of the 18323 background. However, the observed difference in invasiveness between the parental strain (Tohama I) and the AC-Hly-deficient mutant (348) was larger than that reported in previous studies (8) . FHA was not involved in the uptake of the 18323 strain by HeLa cells, confirming previous results (26) . However, experiments with the FHA-deficient mutant BPMC did not confirm previous reports that FHA is involved in the uptake of the Tohama I strain (9) . The different results generally obtained for Tohama I and 18323 may be attributed to the specific characteristics of the two strains. Differences are observed between the two strains when typing techniques, such as pulsed-field gel electrophoresis (14, 18, 42) or restriction fragment length polymorphism (47) , are used to compare their DNAs. The proteins that they synthesize that are involved in pathogenicity, such as PT (2) and PRN (5), are different. In addition, 18323 is more virulent in a murine respiratory model (15) .
We used human tracheal HTE and HAE0 epithelial cells. These cells were chosen because they have a respiratory origin, produce cytokeratins, and have microvilli and tight junctions (13) . In addition, HAE0 cells are polar (6) .
We checked that the two B. pertussis strains used were not toxic to HTE cells, indicating that the interactions between this bacterium and epithelial cells are different from that with phagocytic cells (22) .
We found that Tohama I and 18323 invaded HTE cells and that adhesins and toxins were involved in this process. TEM examination demonstrated that the bacteria were present within the cells. Bacteria were located within the vacuoles, which were often observed in contact with the outer membranes of the bacteria. However, some bacteria were also observed free in the cytoplasm, an observation which was not made previously on human Caco-2 epithelial cells (41) . No difference was observed between the parental strains and the mutants deficient in the synthesis of adhesins and toxins. The Tohama I, W28, and Hav strains were similarly invasive despite differences in FIM production. Tohama I produces only FIM2, W28 produces FIM2 and FIM3, and Hav, a clinical isolate, produces only FIM3. This suggests that fimbriae are not involved in the uptake of B. pertussis strains. The 18323 The lack of AC-Hly expression did not appear to render these bacteria more susceptible to damage by lysosomal enzymes. In panels C and F, note the close proximity of the bacterial outer membrane to the membrane of the endocytic vacuole. For panels A and D, the coincubation period was 1 h. For panels B, C, E, and F, the coincubation period was 3 h. strain, which produces FIM2 and FIM3 when not subcultured, was significantly less invasive than Tohama I, W28, and Hav. This suggests that a factor(s) involved in invasion differs between 18323 and the other B. pertussis strains. This factor may be FHA, because a Tohama I-derived FHA-FIM2 mutant was significantly less invasive than the parental strain. As FIM2 and FIM3 were not found to be involved in the uptake of B. pertussis strains, it is possible that FHA is involved in the invasion process. No difference was found between the uptake of 18323 and that of an FHA-deficient mutant derived from 18323. However, it should be noted that with the 18323 parental strain, as well as with the AC-Hly-deficient mutant derived from this strain, large standard errors were observed that could have masked FHA and AC-Hly effects. An alternative hypothesis could be that the FHA synthesized by 18323 is different from Tohama I FHA, as observed for PT and PRN. It was shown that 18323 is closer to isolates of B. bronchiseptica, the animal pathogen, than to other B. pertussis isolates (2). Since it is known that B. bronchiseptica FHA adheres less to human epithelial cells than does B. pertussis FHA (43), FHA may be involved in the uptake of B. pertussis into cells due to its role in adhesion to respiratory epithelial cells (43, 46) . FHA has been shown to be involved in adhesion to human bronchial and laryngeal epithelial cells, whereas fimbriae are only involved in adhesion to laryngeal cells (46) .
PT was not involved in the uptake of bacteria of the Tohama I background, but surprisingly, PRN significantly inhibited the uptake of bacteria into cells. Several variants of B. pertussis producing different PRNs are known to be in circulation, so we compared the uptake of various strains and isolates producing different PRNs and fimbriae. W28 and Tohama I produce similar types of PRN (5) and invaded cells similarly. The Hav and Fr287 isolates, which produce different PRNs (5) were also taken up similarly, indicating that the differences found in the PRNs produced by these isolates did not affect invasion. shown that B. pertussis induces apoptosis in macrophages and that AC-Hly is responsible for this phenomenon (20, 22) . However, we have also observed, as in this study, that the adenylate cyclase activity detected in bacterial suspensions of PRN-deficient mutants is lower than that detected in bacterial suspensions of the parental strain. These mutants are less able to cause DNA fragmentation in macrophages (20) , and in this study, the PRN-deficient mutant behaved like the AC-Hlydeficient mutant. Thus, the effect of PRN could be indirect, via its interaction with AC-Hly. The interactions between AC-Hly and PRN might be direct, or PRN might have an effect on membrane protein structure important for AC-Hly export or conformation. Evidence in favor of this idea is provided by the difficulty encountered in efforts to separate PRN from AC-Hly during the purification of these proteins (36) . We are currently trying to investigate the interactions between PRN and ACHly. If our assumption is correct, then PRN has a central role in B. pertussis pathogenicity, interacting with the major adhesin FHA (3) and with one of the major toxins, AC-Hly.
B. pertussis invaded but did not multiply in epithelial cells, as previously reported for the Tohama I parental strain on human Caco-2 epithelial cells (41) . This may be because B. pertussis uses epithelial cells to hide from the host immune system or to reach other cells. No difference in persistence was observed between the parental strain and PRN-or AC-Hly-deficient mutants, even though the mutants were more invasive. These data indicate that FHA production is required for invasion but that AC-Hly and PRN production significantly inhibits this process. So, what is the biological significance of these results? Phase I B. pertussis may be mostly extracellular, secreting adhesins and toxins at the cell surface, but during infection, modulation may occur and an intermediate-phase variant, not producing AC-Hly, may play a key role in invasion. Such variants are more invasive than the phase I strain and may escape the immune response. It has already been observed that B. pertussis invades macrophages and that AC-Hly production stops after uptake (31) . An alternative hypothesis could be that B. pertussis has evolved anti-invasive mechanisms such as the expression of AC-Hly to avoid destruction within tracheal epithelial cells. Further experiments are required to investigate these issues further.
In the present work, our data indicate that human tracheal cell invasion is ultimately followed by killing of B. pertussis. It could be important to analyze whether other invasive bacteria are also killed by these cell lines.
In conclusion, this study confirmed (i) that there are major differences between B. pertussis strains or isolates and the 18323 World Health Organization reference strain which account for previous conflicting results and (ii) that B. pertussis invades human respiratory epithelial cells and showed the opposite effects of FHA and of AC-Hly and PRN on this invasive potential of B. pertussis.
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